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Abstract
The polaronic system consisting of an impurity in a dilute Bose-Einstein condensate is considered
in the presence of a narrow Feshbach resonance. For this purpose a coupled-channel model is used,
which at the mean field level predicts the formation of quasiparticles that are a superposition of the
impurity and the molecular states. The impurity-boson interactions and the coupling between the
open and closed channels are then considered weak and a perturbative calculation of the corrections
to the mean field results is presented. This allows to examine the properties of the quasiparticles,
such as the lifetime and the effective mass. The model is applied to two physical systems: an
impurity atom in a Bose-condensed atomic gas in 3D and a spin down lower polariton in a Bose-
Einstein condensate of spin up lower polaritons in 2D. The model parameters are linked to the
physical parameters by identifying the low energy T -matrix and applying a proper renormalization
scheme.
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I. INTRODUCTION
In recent years ultracold atomic systems have become increasingly popular as quantum
simulators for many-particle models [1]. These systems are attractive since they are ex-
tremely clean as compared to a typical solid state experiment and the extreme controllability
and tunability. One can, for example, experimentally vary the interatomic interactions by
means of a Feshbach resonance. This is a scattering resonance which occurs when the scat-
tering energy approaches the binding energy of a molecular state (see for example Ref. [2]
for a review on Feshbach resonances in ultracold gases). If the molecule and the scattering
atoms have a different magnetic moment, the difference in energy can be varied with an
external magnetic field. This allows to experimentally tune the interatomic interactions as
a function of an external magnetic field. A distinction is typically made between a broad or
entrance channel dominated resonance and a narrow or closed channel dominated resonance
[2]. A broad resonance can be well-described by a single channel model with an effective
interaction amplitude while for the description of a narrow resonance the molecular state
has to be described explicitly with a coupled-channel model.
Recently the principle of quantum simulation with ultracold gases has been considered
for the Fro¨hlich polaron [3–5]. The polaron is well-known from solid state physics for the
description of a charge carrier in a charged lattice, described by the Fro¨hlich Hamiltonian.
If the Bogoliubov approximation is valid the Hamilonian of an impurity in a Bose-Einstein
condensation can be mapped onto the Fro¨hlich Hamiltonian [3–5]. This set-up is particularly
attractive since the polaronic coupling parameter depends on the interatomic interaction
strength which is tunable with a Feshbach resonance, whereas in the solid state context this
is a material constant. An example of a promising experiment to probe the polaronic strong
coupling regime is the doping of an ultracold Rb gas with single Cs impurity atoms from
Ref. [6] since it exhibits a broad interspecies Feshbach resonances [7]. On the other hand
there are also binary systems that exhibit only narrow interspecies Feshbach resonances,
as for example a 6Li-Na mixture [8], in which case the influence of the resonance on the
polaronic properties is not clear.
A related research field that has attracted a great deal of interest in the context of
quantum simulation are quantum fluids of light (See for example Ref. [9] for a review). If
a semiconductor is placed in a cavity with a strong coupling between the cavity modes and
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the excitons they combine to form new quasiparticles, known as polaritons. The coupling
strength is given by the Rabi frequency. By using a cavity with a position dependent
thickness it is possible to experimentally tune the exciton-photon detuning by probing a
different area of the cavity. Since the effective mass of the polaritons is several orders of
magnitude smaller than the exciton mass, they form a Bose-Einstein condensate at much
higher temperatures. The cavity inevitably exhibits losses, which means that to accomplish a
steady state the system has to be constantly pumped and is never at equilibrium. However, if
the loss rate is sufficiently slow as compared to the thermalization time of the polariton gas a
quasithermal equilibrium can be achieved. By introducing two different circularly polarized
cavity modes which couple to excitons with different spins it is possible to create spinor
polaritons with two spin states. By using different light intensities for the polarizations a
population imbalance can be introduced between the two spin states which in the extreme
case results in a single spin down lower polariton in a sea of spin up lower polaritons. If the
spin up lower polaritons form a dilute Bose-Einstein condensate the resulting Hamiltonian
can, in the same manner as for the ultracold gas system, be mapped onto the Fro¨hlich
polaron Hamiltonian. However with the distinction that due to the cavity losses the system
is not at equilibrium. Since two excitons can combine to form a biexciton also these systems
exhibit Feshbach resonances which have been theoretically predicted in Refs. [10, 11] and
confirmed experimentally in Ref. [12].
In this paper we are particularly interested in the polaronic system in the presence of a
narrow Feshbach resonance in the two physical contexts outlined above. Both systems are
considered at equilibrium which is expected to be a good description for an ultracold atomic
gas but may be a rather crude approximation for current experiments on the polaritonic
system. A narrow Feshbach resonance corresponds to weak coupling to the molecular channel
so that perturbation theory is applicable to describe the corrections to the mean field results.
The experimental relevance of this regime is demonstrated by the wide range of resonance
widths that have been observed with ultracold gases, including narrow resonances [2] and
the recent observations of a narrow polaritonic Feshbach resonance [12].
The structure of this manuscript is as follows. First the model Hamiltonian describing
two types (denoted as spin up and down) of particles that can form a molecule is intro-
duced. The manifestation of a Feshbach resnonance within this model is investigated by
calculating the two-body T -matrix and a renormalization scheme is discussed. Then, the
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spin up particles are assumed to form a dilute Bose-Einstein condensate by applying the
Bogoliubov approximation. The mean field part of the Hamiltonian is then diagonalized
with another Bogoliubov transformation resulting in two types of quasiparticles consisting
of a superposition of the spin down particles and the molecules. The interactions are then
assumed to be weak and perturbation theory is used to calculate the lowest order corrections
to the self energies of the quasiparticles. The model is then applied to two physical systems:
an impurity atom in a Bose-condensed atomic gas in 3D and a spin down lower polariton in
a Bose-Einstein condensation of spin up lower polaritons in 2D. The results are numerically
studied for these two systems and finally the conclusions are presented.
II. THE MODEL SYSTEM
The following Hamiltonian is considered for the model system:
Ĥ =
∑
~k
∑
σ=↑,↓
ξ~k,σâ
†
~k,σ
â~k,σ +
∑
~k
εM~k b̂
†
~k
b̂~k
+ g
∑
~k,~q
(
b̂†~kâ~k
2
+~q,↑
â~k
2
−~q,↓
+ h.c.
)
+
U↑↑
2
∑
~k,~k′,~q
â†~k+~q,↑â
†
~k′−~q,↑
â~k′,↑â~k,↑
+ U↑↓
∑
~k,~k′,~q
â†~k+~q,↑â
†
~k′−~q,↓
â~k′,↓â~k,↑. (1)
The first term represents the kinetic energy of the spin up (σ =↑) and spin down (σ =↓)
partices with â†~k,σ (â~k,σ) the creation (annihilation) operators for a particle with wave vector
~k, spin σ and ξ~k,σ = E~k,σ − µσ, where µσ is the chemical potential and E~k,σ = E0,σ +
~
2k2/ (2mσ) the energy with mσ the mass. The second term gives the energy of the free
molecules, consisting of a bound state of a spin up and a spin down particle, with b̂†~k (̂b~k)
the creation (annihilation) operators for a molecule with wave vector ~k and εM~k = −εM +
~
2k2/ (2M) − µ↑ − µ↓, with εM the binding energy and M the mass. The first term on
the second line represents the formation and dissociation of the molecule with interaction
amplitude g. The next term is the interaction energy of the spin up particles interacting with
a contact potential with amplitude U↑↑ and the last term represents the interaction between
the spin up and spin down particles for which also a contact potential is considered, with
amplitude U↑↓. Note that no interactions between the spin-down particles are considered.
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A. Two body T -matrix and renormalization
Only considering one spin up and one spin down particle allows a calculation of the two-
body T -matrix of the model system with a derivation along the lines of Ref. [13]. This
results in the following expression:
1
T ↑↓ (E)
=
(
U↑↓ +
|g|2
E − εM
)−1
−
∑
~q
1
E − ~2q2
2mr
+ iδ
; (2)
with E the scattering energy, δ a positive infinitesimal and mr the reduced mass: m
−1
r =
m−1↓ + m
−1
↑ . Note that if the dimension is larger than 1 this expression contains an UV
divergence which can be renormalized with the scheme introduced in Ref. [13] for a 3
dimensional set-up and later also applied in Ref. [14] for a quasi-two-dimensional atomic
gas. This results in the following renormalization scheme to express the two-body model
parameters U↑↓, g and εM in terms of the corresponding physical parameters U↑↓P , gP and
εMP :
U↑↓ =
U↑↓P
1 +RU↑↓P
; (3a)
g =
gP
1 +RU↑↓P
; (3b)
εM = εMP +RggP ; (3c)
with:
R =
∑
~q
1
E − ~2q2
2mr
. (4)
Expressing the T -matrix (2) as a function of the physical parameters results in an expression
that does not contain an UV divergence:
T ↑↓ (E)−1 =
(
U↑↓P +
|gP |2
E − εMP
)−1
+ iπg (E) ; (5)
where g (E) is the density of states for a free gas with mass mr. Note that the
|gP |2 /
(
E − εMP
)
term in (5) describes the Feshbach resonance.
B. Coupled-channel versus single-channel model
As mentioned in the introduction a distinction is typically made between broad or en-
trance channel dominated and narrow or closed channel dominated resonances for Feshbach
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resonances [2]. As the name suggests the molecular channel is important for the closed chan-
nel dominated resonances and they should be described with a coupled-channel model, as
for example described by Hamiltonian (1). For a narrow or entrance channel dominated res-
onance the occupation of the closed molecular channel is typically small and a single-channel
model can be used with an effective interaction amplitude U↑↓eff for the description:
U↑↓eff = U
↑↓
P −
|gP |2
εMP
. (6)
In the following a coupled-channel calculation is developed and analyzed in perturbation
theory in gP . Its results will be compared to a perturbative single-channel calculation.
III. BOGOLIUBOV APPROXIMATION
The temperature is assumed to be sufficiently low such that a macroscopic number of
spin up particles occupy the one-particle ground state and thus form a Bose Einstein con-
densation. If the gas is dilute, the Bogoliubov approximation can be used which transforms
the Hamiltonian (1) into [15]
Ĥ = EGP + ĤMF + ĤI . (7)
The first term is the well-known Gross-Pitaevskii energy of the condensate [15]. The second
term is the mean field Hamiltonian, which consists of all quadratic contributions:
ĤMF =
∑
~k
(
â†~k b̂
†
~k
) ξ~k,↓ + U↑↓n0 g√n0
g
√
n0 ε
M
~k
 â~k
b̂~k
+∑
~k 6=0
εBog~k α̂
†
~k
α̂~k. (8)
The condensate density is denoted as n0 and the operators
{
α̂†~k
}
and
{
α̂~k
}
create and
annihilate the Bogoliubov excitations with the corresponding Bogoliubov dispersion:
εBog~k =
√(
E↑~k + U
↑↑n0
)2
− (U↑↑n0)2. (9)
Where the notation Eσ~k = E~k,σ −E0,σ was introduced. The operators α̂
†
~k
and α̂~k are related
to the spin up operators with the Bogoliubov transformation (for ~k 6= ~0):
α̂†~k = ukâ
†
~k,↑
+ vkâ−~k,↑;
α̂~k = ukâ~k,↑ + vkâ
†
−~k,↑
. (10)
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The coefficients uk and vk are given by:
v2k =
1
2
(
E↑~k + U
↑↑n0
ε~k
− 1
)
; (11)
u2k =
1
2
(
E↑~k + U
↑↑n0
ε~k
+ 1
)
. (12)
For the chemical potential of the condensate the lowest order approximation µ↑ = E0,↑ +
U↑↑n0 is used. Note that this induces a shift of the molecular energy ε
M
~k
. A typical length
scale of the condensate is the healing length, defined as: ξ = ~
(
mn0U
↑↑
)−1/2
.
The interaction Hamiltonian ĤI is given by
ĤI =
∑
~k,~q 6=0
[(
gb̂†
~q+~k
â~k + U
↑↓√n0â†~k+~qâ~k
)(
uqα̂~q − vqα̂†−~q
)
+ h.c.
]
. (13)
From now on only a single spin down particle is considered which gives for the corresponding
chemical potential µ↓ = E0,↓.
IV. DIAGONALIZATION OF THE MEAN FIELD PART
The mean field Hamiltonian (8) can be diagonalized by applying the following unitary
transformation:  â†~k
b̂†~k
 =
 β~k −α~k
α~k β~k
 Φ̂†~k
Ψ̂†~k
 . (14)
with:
β2~k =
1
2
1 + E↓~k + U↑↓n↑ − εM~k√(
E↓~k + U
↑↓n0 − εM~k
)2
+ 4g2n0
 ; (15a)
α2~k =
1
2
1− E↓~k + U↑↓n↑ − εM~k√(
E↓~k + U
↑↓n0 − εM~k
)2
+ 4g2n0
 . (15b)
The mean field Hamiltonian (8) is then transformed into:
ĤMF =
∑
~k
(
ε+~k Φ̂
†
~k
Φ̂~k + ε
−
~k
Ψ̂†~kΨ̂~k + ε
Bog
~k
α̂†~kα̂~k
)
. (16)
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This shows the emergence of two quasiparticles that consist of a superposition the impurity
and the molecular state, with dispersions:
ε±~k =
1
2
(
E↓~k + U
↑↓n0 + ε
M
~k
±
√(
E↓~k + U
↑↓n0 − εM~k
)2
+ 4g2n0
)
. (17)
The mean field effective masses mMF (±) can be determined from the behavior of the
dispersion at small k =
∣∣∣~k∣∣∣:
1
mMF (±)
=
1
~2
∂2ε±~k
∂k2
∣∣∣∣∣
k→0
. (18)
Applying the unitary transformation (14) for the interaction Hamiltonian (13) results in:
ĤI =
∑
~q 6=0,~k
(
γ~k+~qΦ̂
†
~k+~q
+ σ~k+~qΨ̂
†
~k+~q
)(
βkΦ̂~k − αkΨ̂~k
)(
uqα̂~q − vqα̂†−~q
)
+ h.c.; (19)
where the following functions were introduced:
γ~k = gα~k + U
↑↓√n0β~k; (20)
σ~k = gβ~k − U↑↓
√
n0α~k. (21)
V. PERTURBATIVE CALCULATION OF THE SELF ENERGY
In general the Green’s function of a particle with creation (annihilation) operators
{
Ψ̂†~k
}
(
{
Ψ̂~k
}
) is defined as [16]:
G
(
~k, t− t′
)
= −i
〈
T Ψ̂~k (t) Ψ̂†~k (t
′)
〉
. (22)
Where T is the time-ordering operator. The frequency representation of the Green’s function
is given by the Fourier transform with respect to the time:
G
(
~k, ω
)
=
∫ ∞
−∞
dteiωtG
(
~k, t
)
(23)
and can typically be written as a function of the self energy Σ
(
~k, ω
)
:
G
(
~k, ω
)
=
~
~ω − ε~k − ~Σ
(
~k, ω
) . (24)
In appendix A some details are provided on the perturbative calculation of the lowest
non-vanishing contribution of the interaction Hamiltonian (13) to the self energy Σ
(
~k, ω
)
.
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The results for the two branches are presented in Fig. 1 by Feynman diagrams and given
by:
Σ−
(
~k, ω
)
=
1
~2
∑
~q
[(
u~qσ~kα~k−~q − v~qα~kσ~k−~q
)2
G−0
(
~k − ~q, ω − ω~q
)
+
(
u~qσ~kβ~k−~q + v~qγ~k−~qα~k
)2
G+0
(
~k − ~q, ω − ω~q
)]
; (25a)
Σ+
(
~K, ω
)
=
1
~2
∑
~q
[(
v~qβ~kγ~k−~q − u~qγ~kβ~k−~q
)2
G+0
(
~k − ~q, ω − ω~q
)
+
(
u~qγ~kα~k−~q + v~qσ~k−~qβ~k
)2
G−0
(
~k − ~q, ω − ω~q
)]
. (25b)
These expressions are valid if the following two conditions are satisfied (with D the dimen-
sion):
1
n0ξD
(
U↑↓
U↑↑
)2
≪ 1; (26a)
1
n0ξD
(
g√
n0U↑↑
)2
≪ 1. (26b)
Condition (26a) shows that the average distance between the particles should be small
as compared to the healing length and the background interactions where condition (26b)
requires that the coupling to the molecule should be weak as compared to the condensate
interactions. The latter condition implies that our approximation is only valid for narrow
Feshbach resonances (small g).
If there is no coupling with the molecule (g = 0) the expressions (25) reduce to the
well-known weak coupling result for the BEC-impurity Fro¨hlich polaron [17, 18]:
Σpol
(
~k, ω
)
=
n0
(
U↑↓
)2
~
∑
~q
E↑~q
εBog~q
1
~ω − ~ω~q − E↓~k−~q + iδ
. (27)
The physical states of the system correspond to the poles of the Green’s function (24). Since
the self energy is assumed small with respect to the mean field dispersion, the argument ω
of the self energy can be replaced by the unperturbed energy ε±~k for the determination of the
poles of (24). This results in the following expression for the energies of the quasiparticles:
E±~k = ε
±
~k
+ ~Re
[
Σ±
(
~k, ε±~k
)]
. (28)
9
FIG. 1: The Feynman diagrams corresponding to the expressions (25) for the self energies of the two
branches. The dashed lines denote a Bogoliubov excitation and the full lines are the unperturbed
upper (+) and lower (-) quasiparticles.
The inverse of the imaginary part of the self-energy gives the lifetime of the quasiparticles
τ±~k :
τ±~k = Im
[
Σ0
(
~k, ε±~k
)]−1
. (29)
We are also interested in the effective masses m± which can be determined as:
1
m±
=
1
~2
∂2E±~k
∂k2
∣∣∣∣∣
k=0
(30)
=
1
mMF (±)
+
1
mPert(±)
. (31)
where mMF (±) is the mean field effective mass (18) and the second term is the perturbative
correction. Since this correction is assumed to be small we can write:
m± ≈ mMF (±)
(
1− m
MF (±)
mPert(±)
)
. (32)
A. Renormalization
A closer look at the arguments of the ~q-summations in the expressions for the self energies
(25) reveals a UV divergency if the dimension is larger than 1. This can be cured by using
the renormalization equations (3). Since only the lowest order contribution of a perturbation
series is considered, the renormalizing equations have to be considered to the same order.
Inserting the renormalization equations (3) into the expressions for the mean field energies
(17) and only considering the lowest order terms of an expansion in UR and g2R results in:
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ε−~k → ε
−
~k
+
σ2~k
~2
∑
~q
1
~2q2
2mr
−E ; (33a)
ε+~k → ε
+
~k
+
γ2~k
~2
∑
~q
1
~2q2
2mr
−E . (33b)
Here, it is understood that the expressions on the right hand side are in terms of the physical
coupling parameters U↑↓P , gP and ε
M
P . Moreover, since the results for the self energies (25)
are already of the order we are interested in the bare coupling parameters can be simply
replaced by the physical ones in these expressions. Using (33) for the first term in the
expression for the energies (28) exactly cancels the UV divergence.
VI. PHYSICAL SYSTEMS
The model is now applied to two distinct physical systems. First an impurity atom in a
Bose-condensed atomic gas is considered in a three dimensional set-up where the impurity
can form a molecule with one of the bosons. Then, a single spin down polariton in the
presence of a Bose condensed gas of spin up polaritons is considered in two dimensions
where a bipolariton can be formed from one spin up and one spin down polariton. In both
cases losses are neglected and the systems are considered at equilibrium.
A. Ultracold atomic Gas system
The two-body s-wave scattering amplitude fk for the scattering of a spin up and a spin
down atom is related to the T -matrix (5) as
fk = − mr
2π~2
T
(
~
2k2
2mr
)
. (34)
The inverse scattering amplitude is typically expanded for small k as:
− 1
fk
=
1
a
+ ik − 1
2
rek
2 +O (k4) , (35)
where a is the scattering length, which for the model is given by:
a =
mr
2π~2
(
U↑↓P −
|gP |2
ε
)
. (36)
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The effective range re is related to the Feshbach width R
∗ as R∗ = −re/2, which for the
model is:
R∗ = R∗res
(
1− abg
a
)2
, (37)
with R∗res the value at resonance:
R∗res =
π~4
|gP |2m2rV
. (38)
Note that since our approximation is only valid for small gP , R
∗
res should be large. The
background statering length abg is:
abg =
mr
2π~2
U↑↓P . (39)
Typically the scattering length in the vicinity of a magnetic Feshbach resnonace is
parametrized as:
a = abg
(
1− ∆B
B − B0
)
, (40)
with B the magnetic field, B0 the location of the resonance and ∆B the width, which
are experimental parameters. In order to identify the scattering length of the model (36)
with the physical scattering length (40) in the vicinity of the resonance an expansion of the
molecular energy dependence on the magnetic field is performed:
ε (B) = δµ (B − B0) +O
(
(B − B0)2
)
,
where δµ is the difference between the magnetic moment of the separated atoms and the
magnetic moment of the molecular state. This identification shows that the model parame-
ters can be expressed as a function of the experimental parameters as follows:
U↑↓P =
2π~2abg
mr
; (41)
|gP |2 = U↑↓P δµ∆B. (42)
Note that ∆B needs to have the same sign as the background scattering length.
For the Bose gas the amplitude of the contact interactions is given by:
U↑↑ =
4π~2aBB
m↑
, (43)
with aBB the boson-boson scattering length. The two conditions (26) for the perturbative
result to be valid can be written as a function of the experimental parameters:
12
2π3/2
√
n0a3BB
(
abg
aBB
)2(
m↑
mr
)2
= πα
(
m↑
mr
)2
≪ 1 (44a)
4π3/2
√
n0a3BB
m↑
mr
abg
aBB
δµ∆B
n0U↑↑
≪ 1. (44b)
where the first condition was also expressed as a function of the dimensionless polaronic
coupling parameter α = a2bg/ (aBBξ) [5]. This shows that the first condition (44a) expresses
the diluteness condition n0a
3
BB ≪ 1, weak background interactions and that the masses
should not be to different. The second condition expresses the same and additionally that the
width of the resonance ∆B should be small, corresponding to a narrow Feshbach resonance.
Since ultralow temperatures are considered the limit E → 0 is taken in the renormaliza-
tion expressions (3).
B. Polaritonic system
If the exciton-photon coupling is sufficiently strong and the temperature sufficiently low
only the lower polaritons are populated of which the dispersion is given by [9]:
E~k =
1
2
(
δ −
√
δ2 + Ω2R
)
+
k2
2mP
. (45)
Here ΩR is the Rabi freqeuncy, δ is the detuning and mP is the effective mass of the lower
polaritons:
mP =
mcav
sin2 θ
. (46)
With mcav the effective photon mass and sin θ the photonic Hopfield coefficient (see later).
The interaction parameters depent on the excitonic Hopfield coefficient cos θ as:
U↑↑ = V cos4 θ; (47)
U↑↓P = Vbg cos
4 θ; (48)
gP = VBX cos
2 θ. (49)
Where V is the interaction amplitude between the spin up excitons, Vbg is the background
interaction amplitude between spin up and spin down excitons and VBX denotes the coupling
of the excitons to the biexciton. For the Hopfield factors the dependence on the wave vector
13
is neglected and they are given by:
cos θ =
√√√√1
2
(
1 +
δ√
δ2 + ~2Ω2R
)
; (50)
sin θ =
√√√√1
2
(
1− δ√
δ2 + ~2Ω2R
)
. (51)
The validity conditions (26) can for this system be written as
cos4 θ
sin2 θ
mcav
~2
V 2bg
V
≪ 1; (52a)
1
sin2 θ
mcav
~2
V 2BX
n0V
≪ 1. (52b)
Which again shows that the background interactions and the coupling to the biexciton should
be weak and the Hopfield factor sin θ may not be to small.
We are interested in the behavior of the T -matrix at low temperature and thus small
scattering energy E. In 3D this amounted to simply taking the limit E → 0 . However
in 2D this limit results in a logarithmic IR divergence. Fortunately, in 2 dimensions the
T -matrix depends only logarithmic on the energy [19], so that we can set E = −µ↑ in the
renormalizing expressions (3).
VII. RESULTS AND DISCUSSION
In the following we start by summarizing some analytical results for the background
(vanishing coupling to the molecule) and show how the perturbative single-channel results
are obtained. Then the results are examined for the specific systems of a 6Li impurity in a
Na condensate and for the polaritonic system in a GaAs-based microcavity.
A. Background results and perturbative single channel-model
If the coupling to the molecule vanishes (g = 0), the ~k-summation in the expression for
the self energy (27) can be performed analytically in some cases. We start by summarizing
these results. We also indicate how perturbative single-channel results with the effective
interaction strength (6) are obtained for the different systems.
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1. Ultracold atomic Gas system
If there is no coupling to the molecule (g = 0) the real part of the impurity self energy
(27) at k = 0 is given by:
Re
[
~Σbg (0)
]
~2/ (m↑ξ2)
=
1
2π2
1
n0ξ3
(
abg
aBB
)2 1 + m↑
m↓
1− m↓
m↑
1 +
(
m↓
m↑
)2
√
1−
(
m↓
m↑
)2 ln
m↑ −
√
m2↑ −m2↓
m↓

 .
(53)
The imaginary part of the self energy is only non-zero if k > kc = m↓/ (m↑ξ). This corre-
sponds to the Landau criterion for superfluidity [20] which states that energy can only be
dissipated to the condensate if k > kc. In this case the imaginary part is given by:
ImΣbg (k > kc)
~/ (m↑ξ2)
= − 1
16π
1
n0ξ3
1
ξk
(
abg
aBB
)2
(m↓ +m↑)
2
m↓m↑
(
Qc
2
√
4 +Q2c − 2 sinh−1
[
Qc
2
])
;
(54)
with:
Qc =
2
m↓
m↑
√
1−
(
m↓
m↑
)2
+ ξ2k2 − 2ξk(
m↓
m↑
)2
− 1
. (55)
The effective mass m∗↓ is given by:
m↓
m∗↓
= 1 +
1
6π2
1
n0ξ3
(
abg
aBB
)2
1(
1− m↓
m↑
)2
3 + 2 +
(
m↓
m↑
)2
√
1−
(
m↓
m↑
)2 ln
m↑ −
√
m2↑ −m2I
m↓

 (56)
The perturbative single-channel model corresponds to these background results with the
replacement of the background scattering length abg with the Feshbach enhanced scattering
length (40).
2. Polaritonic system
If there is no coupling to the molecule (g = 0) the real part of the self energy at k = 0
becomes:
Re
[
~Σbg (0)
]
=
n0V
2
bgmcav
4π~2
cos8 θ
sin2 θ
. (57)
The effective mass in this case is given by:
1
m∗
=
sin2 θ
mcav
− V
2
bg
4π~2V
cos4 θ. (58)
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For the imaginary part the integral has to be done numerically. Similar as for the ultracold
atomic system, the lifetime is infinite for k < kc, with kc the Landau critical value. For
k > kc energy can be dissipated to the condensate by emitting a Bogoliubov excitation
which results in a finite lifetime.
In this case the perturbative single-channel model corresponds to these background results
with the following substution for the background interaction amplitude Vbg:
Vbg → Vbg + |g|
2
2E0 + εM
. (59)
B. Ultracold atomic Gas system
The results are now studied for a 6Li impurity in a Na condensate, corresponding to
the parameters m↓/m↑ = 0.263 and abg/aBB = −1.336 [8, 21]. In Ref. [8] various narrow
interspecies Feshbach resonances are determined for this system. We will not focus on a
specific resonance but examine the typical expected behavior. The difference in magnetic
moment δµ is typically of the order of the Bohr magneton: δµ = e~/ (2me), with e the
elementary charge and me the electron mass. A coupled-channel calculation in Ref. [8]
revealed that the widths of the resonances ∆B are of the order of mG so we take for
the width: ∆B = −1mG. For the Na condensate the typical density n0 = 1014 cm−3 is
considered. With these parameters we find:
2π3/2
(
n0a
3
BB
)1/2( abg
aBB
)2(
m↑
mr
)2
≈ 0.25; (60)
4π3/2
(
na3BB
)1/2 m↑
mr
abg
aBB
δµ∆B
n0U↑↑
≈ 0.067. (61)
This shows that the conditions (44) are satisfied and the system is in the perturbative regime.
For the units the condensate chemical potential µ↑ = n0U
↑↑, the corresponding healing
length ξ and the boson mass m↑ are used. In these units the self energy exhibits a (n0ξ
3)
−1
dependence on the density and in the figures below the self energy is always multiplied with
this factor which for the considered system is n0ξ
3 ≈ 14.5.
In Fig. 2 the dispersions of the mean field quasiparticles (17) are presented as a function
of the applied magnetic field B at k = 0. Note that due to the presence of the condensate
the resonance is shifted from B0 to
B∗0 = B0 +
n0
δµ
(
2π~2abg
mr
+
4π~2aBB
m↑
)
. (62)
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FIG. 2: The quasiparticle dispersions ε± at the mean field level (17) due to the mixing of the
energy levels of the molecule and the 6Li impurity in the presence of a Na condensate as a function
of the magnetic field B at k = 0. The dotted lines are the energies of the impurity and the molecule
wich are shifted due to the presence of the condensate: EMFI = n0U
↑↓
P and ε
M = −εM0 − n0U↑↑.
The dash-dotted line gives the single-channel result.
Which for the system under consideration gives (B∗0 −B0)µb/µ↑ ≈ −2.21. Also the result
of the perturbative single-channel calculation is presented, which strongly deviates from the
perturbative result around the resonance and diverges at B = B0. The single-channel result
provides a good approximation far from the resonance for the branch with energy closest
to the impurity energy (which we will denote as the impurity-like branch). This could be
expected since in this case the occupation of the closed channel is small.
In Fig. 3 (a) the perturbative corrections ∆E± = Re
[
~Σ±
(
0, ε±~k
)]
to the mean field
energies, as defined in Eq. (28), are presented as a function of the magnetic field B at
k = 0. The background result (53) and the perturbative single-channel result are also
shown. Again the perturbative single channel result diverges at B = B0 and is only a
good approximation for the impurity-like branch far from the resonance. In Fig. 3 (b) the
corresponding lifetime (29) of the upper branch is presented. The lifetime is infinite in the
limit B → −∞ (impurity-like) and zero for B →∞ (molecular-like). In the vicinity of the
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FIG. 3: a) The perturbative correction ∆E± to the mean field quasiparticle energies from Fig. 2
as a function of the magnetic field B at k = 0 for a 6Li impurity in a Na condensate. The dashed
line is the background result (53) and the dot-dashed line is the perturbative single-channel result.
b) The corresponding lifetime of the upper branch.
resonance a strong peak is observed with a maximum corresponding to an infinite lifetime
at (B − B0)µb/µ↑ ≈ −3.55.
The lifetimes of the two branches are presented in Fig. 4 as a function of the wave number
k at B = B0. Also the lifetime in the absence of a molecule is presented (the inverse of (54))
which is only finite for k > kc, with kc the Landau critical value, as discussed before. For
the lower branch a similar behavior is observed with an infinite lifetime at small k untill the
Landau critical value k−c is reached. This value is the lowest possible value of k that satisfies
conservation of energy and momentum for the emission of a Bogoliubov excitation and is
thus determined by:
k±c = min
{
k =
∣∣∣~k∣∣∣ : ∃ ~q |ε±~k = ε±~k−~q + εBog~q } . (63)
For the upper branch a finite lifetime is also found at small k since it can also decay to
the lower branch with the emission of a Bogoliubov excitation. Once k reaches the Landau
critical value k+c , as determined by Eq. (63), an extra decay channel opens corresponding
to the emission of a Bogoliubov excitation.
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FIG. 4: The lifetimes of the lower (a) and the upper (b) quasiparticle branches are presented as a
function of the wave number k for a 6Li impurity in a Na condensate. The inset in (a) shows the
lifetime in the absence of a molecule. The dashed lines indicate the landau critical values.
In Fig. 5 (a) the mean field effective masses (18) are presented for the two quasiparticle
branches and in (b) the perturbative correction 1/mPert(±) is shown (as defined in (30)).
The background result and the perturbative single-channel result are also depicted. Again
we find that the single-channel result strongly deviates from the perturbative result in the
vicinity of the resonance but is a reasonable approximation for the impurity-like branch far
from the resonance.
C. Polaritonic system
The system parameters for a GaAs-based microcavity are introduced [12, 22, 23], with
ΩR = 3.26 meV for the Rabi frequency, Ebix = 3 meV for the molecular binding energy and
mcav = 2.62×10−5me for the effective photon mass, with me the electron mass. Only consid-
ering the dominant Coulomb interactions for the spin up lower polaritons and neglecting the
contribution due to phase space philling results in: V = 3aBe
2/ε ≈ 3.73 × 10−11 meV cm2
(with aB the exciton Bohr radius, e the electron charge and ε the dielectric constant) [24].
The ratio of the direct interactions is approximated with a density independent constant:
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FIG. 5: The effective masses are presented for the two branches as a function of the magnetic
field B for a 6Li impurity in a Na condensate. In (a) the mean field result (18) is presented and
in (b) the perturbative correction to the inverse effective mass is shown. The dotted line is the
background result (56) and the dash-dotted line is the perturbative singe-channel result.
Vbg/V = −0.39 and for the polariton condensate density n0 = 1010 /cm2 is considered. For
the coupling strength to the biexciton VBX = 3.73× 10−6 meV cm is taken. The biexciton
mass is taken infinite since it is much larger than the effective photon mass. With these
parameters we find:
cos4 θ
sin2 θ
mcav
~2
V 2bg
V
≈ 7.56× 10−6 cos
4 θ
sin2 θ
; (64)
1
sin2 θ
mcav
~2
V 2BX
n0V
≈ 3.25× 10−5 1
sin2 θ
. (65)
This shows that the validity conditions (52) are well-satisfied, except at very small values
of sin θ (or large positive values for the detuning δ), which correspond to an almost pure
exciton with large mass (46).
For the units the condensate interaction energy at zero detuning E0 = V n0/4, the cor-
responding healing length ξ = ~/
√
2mcavE0 and twice the photon mass 2mcav are used. In
these units the self energy exhibits a (n0ξ
2)
−1
dependence on the density and we will mul-
tiply the self energy with n0ξ
2 for the results in this section. Note that the factor n0ξ
2 can
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be quite large and for the considered system is n0ξ
2 ≈ 1560.
In Fig. 6 the mean field quasiparticles dispersions (17) are presented as a function of the
detuning for k = 0. The resonance is shifted from the two-body result due to the presence
of the condensate to δR, determined by:
Vbgn0 cos
4 θ = −εM0 − V n0 cos4 θ +
(
δR −
√
δ2R + ~
2Ω2R
)
; (66)
which for the considered system is δR ≈ 2.17E0. The manifestation of these two branches
has been observed experimentally for this system in Ref. [12]. Since both the molecular
and the lower polariton energies remain finite in the limit δ →∞, the quasiparticles remain
superpositions of bound and scattering states. Also the result from a single channel calcula-
tion is presented in Fig. 6 which results in a reasonable approximation for the quasiparticle
branch that lies close to the lower polariton far from the resonance.
In Fig. 7 (a) the perturbative corrections ∆E± = Re
[
~Σ±
(
0, ε±0
)]
, as defined in Eq.
(28), to the mean field quasiparticle energies from Fig. 6 are presented as a function of the
detuning. In order to focus on the effect of the bipolariton the results are divided by the
background result (57) which is presented in the inset. Also the perturbative single-channel
result is shown which is a good approximation for the correction to the lower branch at large
negative δ. It is a poorer approximation of the upper branch at large positive δ since the
quasiparticle remains a superposition in this limit, as was clear from Fig. 6. In Fig. 7 (b)
the corresponding lifetime is presented for the upper branch. Also here a peak is observed in
the vicinity of the resonance but now with a finite height. Note furthermore that in contrast
with the ultracold atomic system a finite lifetime is found for δ →∞ (”impurity-like”) which
is due to the quasiparticle remaining a superposition of molecular and impurity states and
an infinite lifetime is found for δ → −∞ (”molecular-like”).
The lifetimes of the two branches as a function of the wave number k are presented
in Fig. 8 and the same qualitative behavior is observed as for the ultracold atomic gas
system in Fig. 4. The background lifetime (shown in the inset of Fig. 8 (a)) and the lower
branch lifetime are infinite for k < kc, with kc the Landau critical value determined by Eq.
(63), since it is impossible to dissipate energy to the condensate. The lifetime of the upper
branch is also finite at small k since it can decay to the lower branch with the emission of
a Bogoliubov excitation. Once k > kc the possibility to emit a Bogoliubov excitation gives
an extra contribution to the (inverse) lifetime.
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FIG. 6: The mean field result for the quasiparticle energies (17) as a function of the detuning δ for
a spin down lower polariton in the presence of a Bose-condensed gas of spin up lower polaritons
in a GaAs-based microcavity. The dotted lines are the mean field energies with a shift due to
the presence of the condensate of the spin down lower polariton and the bipolariton: EMFLP =
Vbgn0 cos
4 θ and εM = −εM0 − V n0 cos4 θ −
(
δ −
√
δ2 +Ω2R
)
(The inset shows these values at
relatively large δ, showing that both converge to a finite value for δ → ∞). The dash-dotted line
gives the result from the perturbative single-channel calculation.
The mean field result for the effective masses as a function of the detuning δ are presented
in Fig. 9 (a) and the perturbative correction in (b). The background contribution (58) is
also indicated as well as the result from the perturbative single-channel calculation. The
single-channel result is again a good approximation for the lower branch for large negative
δ while for large positive δ there remains a discrepancy since the quasiparticles remain a
superposition in the limit δ →∞.
VIII. CONCLUSIONS
A coupled-channel calculation is presented for the polaronic system consisting of an im-
purity in a Bose-condensed gas in the presence of an interspecies Feshbach resonance. At
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FIG. 7: a) The perturbative corrections ∆E± to the mean field energies divided by the background
result (57) (shown in the inset) are presented as a function of the detuning δ for a spin down lower
polariton in the presence of a Bose-condensed gas of spin up lower polaritons in a GaAs-based
microcavity. The dash-dotted line is the result from a perturbative single-channel calculation. b)
The corresponding lifetime for the upper branch.
the mean field level, two quasiparticles branches are found that consist of a mixing of the
impurity and the molecular states. Due to the presence of the condensate, the location
of the Feshbach resonance is shifted. The corrections to the mean field result are exam-
ined within perturbation theory. This approximation is valid if both the coupling to the
molecular channel and the background interactions are weak with respect to the condensate
interaction energy and if the condensate healing length is sufficiently large compared to the
average interparticle distance.
The model is applied to two physical systems by identifying the low energy T -matrix and
using a proper renormalization scheme. This allows to express the model parameters as a
function of the physical parameters. The systems under consideration are a 6Li impurity
atom in a Bose-condensed atomic Na gas in 3 dimensions and a spin down lower polariton
in the presence af a Bose-Einstein condensate of spin up lower polaritons in a GaAs-based
cavity in two dimensions. These systems are both in the regime where perturbation theory
23
1.7 1.8 1.9 20
100
200
ξk
τ
−
E
0
/
h¯
n
0
ξ
2
0 1 2 3 4 50
100
200
300
ξk
τ
+
E
0
/
h¯
n
0
ξ
2
1 1.5 20
500
1000
ξk
τ
b
g
E
0
/
h¯
n
0
ξ
2
b)
a)
FIG. 8: The lifetime of the lower (a) and upper (b) quasiparticle branches are presented as a
function of the wave number k at zero detuning (δ = 0) for a spin down lower polariton in the
presence of a Bose-condensed gas of spin up lower polaritons in a GaAs-based microcavity. The inset
in (a) presents the background contribution of the lower polariton in the absence of a bipolariton.
The dotted lines indicate the Landau critical values, as determined by Eq. (63).
is valid.
Far from the resonance the results for the quasiparticle branch with an energy close
to the impurity energy are well-reproduced with a perturbative single-channel calculation.
However, in the vicinity of the resonance the results from the two calculations strongly
deviate since the perturbative single-channel calculation diverges at the resonance while the
coupled-channel calculation predicts finite results.
Some important properties of the quasiparticles, such as the lifetime and the effective
mass were examined. The lifetime of the lower branch is infinite at small wave number k
and becomes finite once k exceeds the Landau critical value which means it can dissipate
energy to the condensate. The lifetime of the upper branch is also finite at small k since it
can decay to the lower branch with the emission of a Bogoliubov excitation. For k larger
than the Landau critical value it can also emit a Bogoliubov excitation which results in two
contributions to the (inverse) lifetime.
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FIG. 9: a) The mean field masses of the lower (-) and upper (+) quasiparticle branches (18) as a
function of the detuning δ for a spin down lower polariton in the presence of a Bose-condensed gas of
spin up lower polaritons in a GaAs-based microcavity. The dotted line presents the lower polariton
mass. b) The corresponding perturbative corrections to the mean field masses. The dotted line is
the background result (58) and the dash-dotted line gives the result from the perturbative single-
channel calculation.
In general the perturbative results are found to be very weak as compared to the mean
field results for the considered systems, in particular for the polariton system. However, for
cold atomic systems, where a wide range in Feshbach resonance widths exists, the corrections
to mean field can be made appreciable.
Appendix A: Calculation of the self energy
If the interaction representation is used the Green’s function (22) can generally be written
as a perturbative expansion in the interaction Hamiltonian ĤI as [16]:
G
(
~K, t− t′
)
=
−i
〈0 |U (∞,−∞)| 0〉
∞∑
n=0
1
n! (i~)n
×
∫ ∞
−∞
dt1...dtn
〈
0
∣∣∣T [Ψ̂ ~K (t) ĤI (t1) ...ĤI (tn) Ψ̂†~K (t′)]∣∣∣ 0〉 , (A1)
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where U (t, t0) denotes the time evolution operator:
U (t, t0) = T exp
[
1
i~
∫ t
t0
dt1ĤI (t1)
]
. (A2)
The effect of the denominator 〈0 |U (∞,−∞)| 0〉 is to cancel all contributions from discon-
nected diagrams from the series.
For the considered model system with the interaction Hamiltonian (19) the first order
correction is zero since it involves the expectation value of a single creation or annihila-
tion operator with respect to the vacuum. We are interested in the lowest non-vanishing
correction which means we have to calculate the following expectation value:〈
0
∣∣∣T [Ψ̂~k (t) ĤI (t1) ĤI (t2) Ψ̂†~k (t′)]∣∣∣ 0〉 . (A3)
1. Expectation values of the quasiparticle operators
All te needed expectation values are of the following form:〈
0
∣∣∣∣∣∣T
 Ψ̂ ~K (t)(γ~k1+~q1Φ̂†~k1+~q1 (t1) + σ~k1+~q1Ψ̂†~k1+~q1 (t1))(βk1Φ̂~k1 (t1)− αk1Ψ̂~k1 (t1))
×
(
γ~k2+~q2Φ̂
†
~k2+~q2
(t2) + σ~k2+~q2Ψ̂
†
~k2+~q2
(t2)
)(
βk2Φ̂~k2 (t2)− αk2Ψ̂~k2 (t2)
)
Ψ̂†~K (t
′)
∣∣∣∣∣∣ 0
〉
(A4)
First the contribution with six creation or annihilation operators for the lower branch is
considered:
σ~k1+~q1αk1σ~k2+~q2αk2
〈
0
∣∣∣T [Ψ̂ ~K (t) Ψ̂†~k1+~q1 (t1) Ψ̂~k1 (t1) Ψ̂†~k2+~q2 (t2) Ψ̂~k2 (t2) Ψ̂†~K (t′)]∣∣∣ 0〉 . (A5)
This can be rewritten with Wick’s theorem. We will only consider connected diagrams since
the disconnected cancel with the denominator in (A1) and because we are interested in a
single particle at zero temperature, the expectation value of the occupation number is zero.
This means only two contributions remain:
σ~k1+~q1αk1σ~k2+~q2αk2
〈
0
∣∣∣T [Ψ̂ ~K (t) Ψ̂†~k1+~q1 (t1) Ψ̂~k1 (t1) Ψ̂†~k2+~q2 (t2) Ψ̂~k2 (t2) Ψ̂†~K (t′)]∣∣∣ 0〉
→ σ ~Kα ~Kαk1σ~k1iG−0
(
~K, t− t1
)
iG−0
(
~k1, t1 − t2
)
iG−0
(
~K, t2 − t′
)
δ ~K,~k1+~q1δ~k1,~k2+~q2δ~k2, ~K
+ α ~Kσ ~Kσ~k2αk2iG
−
0
(
~K, t− t2
)
iG−0
(
~k2, t2 − t1
)
iG−0
(
~K, t1 − t′
)
δ ~K,~k2+~q2δ~k2,~k1+~q1δ~k1, ~K ,
(A6)
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with G±0 (~q, ω) the Green’s function of the unperturbed quasiparticles which in the frequency
representation is given by:
G±0 (~q, ω) =
~
~ω − ε±~k + iδ
, (A7)
with ε±~k the mean field quasiparticle dispersions (17). There are four terms with four creation
or annihilation operators for the lower branch for which Whick’s theorem can be used again.
Again we only consider the connected diagrams for a single particle at zero temperature
which results in the following two terms:
σ ~Kβk1γ~k1α ~KiG
−
0
(
~K, t− t1
)
iG−0
(
~K, t2 − t′
)
iG+0
(
~k1, t1 − t2
)
δ ~K,~k1+~q1δ~k2, ~Kδ~k1,~k2+~q2
+ γ~k2α ~Kσ ~Kβk2iG
−
0
(
~K, t− t2
)
iG−0
(
~K, t1 − t′
)
iG+0
(
~k2, t2 − t1
)
δ ~K,~k2+~q2δ~k1, ~Kδ~k1+~q1,~k2
(A8)
Note that the term with only two creation and annihilation operators of the lower branch
represents a disconnected diagram and thus also cancels with the denominator of (A1), which
means we have all the different contributions for the expectation value (A4).
2. Expectation values of the Bogoliubov operators
Typically expectation values of the following form are needed:〈
0
∣∣∣T [(u~q1α̂~q1 (t1)− v~q1α̂†−~q1 (t1))(u~q2α̂~q2 (t2)− v~q2α̂†−~q2 (t2))]∣∣∣ 0〉
= −u~q1v~q1 [iD (~q1, t1 − t2) + iD (−~q1, t2 − t1)] δ~q1,−~q2. (A9)
Here D (~q, t1 − t2) denotes the unperturbed Green’s function of the Bogoliubov excitations
which in frequency representation is given by:
D (~q, ω) =
~
~ω − εBog~k + iδ
, (A10)
with εBog~k the Bogoliubov dispersion (9).
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3. Expression for the self energy
Bringing everything together gives the following result:∫ ∞
−∞
dt1
∫ ∞
−∞
dt2
〈
0
∣∣∣T [Ψ̂ ~K (t) ĤI (t1) ĤI (t2) Ψ̂†~K (t′)]∣∣∣ 0〉
= 2
∫ ∞
−∞
dt1
∫ ∞
−∞
dt2
∑
~q
G−0
(
~K, t− t1
)
G−0
(
~K, t2 − t′
)
×
{[(
u~qσ ~Kα ~K−~q − v~qα ~Kσ ~K−~q
)2
D (~q, t1 − t2)
+
(
v~qσ ~Kα ~K−~q − u~qα ~Kσ ~K−~q
)2
D (−~q, t2 − t1)
]
G−0
(
~K − ~q, t1 − t2
)
+
[(
u~qσ ~Kβ ~K−~q + v~qγ ~K−~qα ~K
)2
D (~q, t1 − t2)
+
(
v~qσ ~Kβ ~K−~q + u~qγ ~K−~qα ~K
)2
D (−~q, t2 − t1)
]
G+0
(
~K − ~q, t1 − t2
)}
(A11)
By going to the frequency representation with a Fourier transformation with respect to
the time, as in Eq. (23), the following expression is retrieved for the second order correction
to the Green’s function of the lower quasiparticle branch:
G−(2)
(
~k, ω
)
=
i
~2
∫ ∞
−∞
dν
2π
∑
~q
G−0
(
~K, ω
)
G−0
(
~K, ω
)
×
{[(
u~qσ ~Kα ~K−~q − v~qα ~Kσ ~K−~q
)2
D (~q, ν)
+
(
v~qσ ~Kα ~K−~q − u~qα ~Kσ ~K−~q
)2
D (−~q,−ν)
]
G−0
(
~K − ~q, ω − ν
)
+
[(
u~qσ ~Kβ ~K−~q + v~qγ ~K−~qα ~K
)2
D (~q, ν)
+
(
v~qσ ~Kβ ~K−~q + u~qγ ~K−~qα ~K
)2
D (−~q,−ν)
]
G+0
(
~K − ~q, ω − ν
)}
(A12)
This can be written as a function of the self energy Σ−(2)
(
~k, ω
)
:
G−(2)
(
~k, ω
)
= G−0
(
~K, ω
)
Σ−(2)
(
~k, ω
)
G−0
(
~K, ω
)
, (A13)
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showing that the self energy is given by:
Σ−(2)
(
~k, ω
)
=
i
~2
∫ ∞
−∞
dν
2π
∑
~q
{[(
u~qσ ~Kα ~K−~q − v~qα ~Kσ ~K−~q
)2
D (~q, ν)
+
(
v~qσ ~Kα ~K−~q − u~qα ~Kσ ~K−~q
)2
D (−~q,−ν)
]
G−0
(
~K − ~q, ω − ν
)
+
[(
u~qσ ~Kβ ~K−~q + v~qγ ~K−~qα ~K
)2
D (~q, ν)
+
(
v~qσ ~Kβ ~K−~q + u~qγ ~K−~qα ~K
)2
D (−~q,−ν)
]
G+0
(
~K − ~q, ω − ν
)}
. (A14)
Using the Dyson equation it is clear that the self energy Σ
(
~k, ω
)
from (24) can be ap-
proximated by the self energy (A14). The frequency integral in Eq. (A14) can be done
with contour integration which finally results in the expression (25a) for the self energy of
the lower branch. For the upper branch a similar calculation can be done which results in
expression (25b).
[1] I. Bloch, J. Dalibard, W. Zwerger, Rev. Mod. Phys. 80, 885 (2008).
[2] C. Chin, R. Grimm, P. Julienne, E. Tiesinga, Rev. Mod. Phys. 82, 1225 (2010).
[3] R. M. Kalas, D. Blume, Phys. Rev. A 73, 043608 (2006).
[4] F. M. Cucchietti, E. Timmermans, Phys. Rev. Lett. 96, 210401 (2006).
[5] J. Tempere, et al., Phys. Rev. B 80, 184504 (2009).
[6] N. Spethmann, et al., Phys. Rev. Lett. 109, 235301 (2012).
[7] T. Takekoshi, et al., Phys. Rev. A 85, 032506 (2012).
[8] T. Schuster, et al., Phys. Rev. A 85, 042721 (2012).
[9] I. Carusotto, C. Ciuti, Rev. Mod. Phys. 85, 299 (2013).
[10] M. Wouters, Phys. Rev. B 76, 045319 (2007).
[11] I. Carusotto, T. Volz, A. Imamolu, EPL (Europhysics Letters) 90, 37001 (2010).
[12] N. Takemura, S. Trebaol, M. Wouters, M. T. Portella-Oberli, B. Deveaud, Nature Physics 10,
500 (2014).
[13] S. J. J. M. F. Kokkelmans, J. N. Milstein, M. L. Chiofalo, R. Walser, M. J. Holland, Phys.
Rev. A 65, 053617 (2002).
[14] M. Wouters, J. Tempere, J. T. Devreese, Phys. Rev. A 68, 053603 (2003).
29
[15] L. Pitaevskii, S. Stringari, Bose-Einstein Condensation (Oxford University Press, 2003), first
edn.
[16] G. D. Mahan, Many-Particle Physics (Plenum Press, New York, 1990), second edn.
[17] H. Bei-Bing, W. Shao-Long, Chinese Physics Letters 26, 080302 (2009).
[18] A. Novikov, M. Ovchinnikov, Journal of Physics A: Mathematical and Theoretical 42, 135301
(2009).
[19] M. Schick, Phys. Rev. A 3, 1067 (1971).
[20] L. Landau, Phys. Rev. 60, 356 (1941).
[21] S. Knoop, et al., Phys. Rev. A 83, 042704 (2011).
[22] R. P. Stanley, R. Houdre´, U. Oesterle, M. Gailhanou, M. Ilegems, Applied Physics Letters 65
(1994).
[23] N. Takemura, S. Trebaol, M. Wouters, M. T. Portella-Oberli, B. Deveaud, ArXiv e-prints
(2013).
[24] C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani, P. Schwendimann, Phys. Rev. B 58,
7926 (1998).
30
This figure "Fig1.PNG" is available in "PNG"
 format from:
http://arxiv.org/ps/1407.0851v1
